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Effects of propylene glycol, vegetable glycerin, and nicotine on
emissions and dynamics of electronic cigarette aerosols

Ligiao Li, Eon S. Lee, Charlene Nguyen, and Yifang Zhu

Department of Environmental Health Sciences, Jonathan and Karin Fielding School of Public Health, University of California,

Los Angeles, California, USA

ABSTRACT

An electronic cigarette (e-cig) generates aerosols by vaporizing the e-liquid, which mainly
consists of propylene glycol (PG), vegetable glycerin (VG), and nicotine. Understanding the
effects of e-liquid main compositions on e-cig aerosols is important for exposure assess-
ment. This study investigated how the PG/VG ratio and nicotine content affect e-cig aerosol
emissions and dynamics. A tank-based e-cig device with 10 different flavorless e-liquid mix-
tures (e.g., PG/VG ratios of 0/100, 10/90, 30/70, 50/50, and 100/0 with 0.0% or 2.4% nicotine)
was used to puff aerosols into a 0.46m> stainless steel chamber for 0.5h. Real-time meas-
urements of particle number concentration (PNC), fine particulate matter (PM,s), and par-
ticle size distributions were conducted continuously throughout the puffing and the
following 2-h decay period. During the decay period, particle loss rates were determined by
a first-order log-linear regression and used to calculate the emission factor. The addition of
nicotine in the e-liquid significantly decreased the particle number emission factor by 33%.
The PM, s emission factor significantly decreased with greater PG content in the e-liquid.
For nicotine-free e-liquids, increasing the PG/VG ratio resulted in increased particle loss rates
measured by PNC and PM,s. This pattern was not observed with nicotine in the e-liquids.
The particle loss rates, however, were significantly different with and without nicotine
especially when the PG/VG ratios were greater than 30/70. Compared with nonvolatile di-
ethyl-hexyl subacute (DEHS) aerosols, e-cig particle concentration decayed faster inside the
chamber, presumably due to evaporation. These results have potential implications for
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assessing human exposure to e-cig aerosols.

1. Introduction

A cluster of respiratory syndromes has been recently
identified among patients after using electronic ciga-
rettes (e-cigs) (Layden et al. 2020). With the rapid
growth of e-cig users worldwide (Breland et al. 2017;
Cullen et al. 2018; Yoong et al. 2018), exposure to e-
cig aerosols has become an important public health
concern. The global e-cig market is anticipated to
reach $48.9 billion by 2025, with the largest revenue
in the United States (Adroit Market Research 2018).
E-cigs have become a popular alternative to tobacco
cigarettes, but the efficacy of e-cigs as smoking cessa-
tion aids remains inconclusive (Hartmann-Boyce,
Begh, and Aveyard 2018; Malas et al. 2016). A num-
ber of recent studies (Chun et al. 2017; Polosa and
Caponnetto 2016) have reported the potential toxicity
of e-cig aerosols even though they typically contain

lower levels of toxic chemicals than tobacco smoke (Li
et al. 2020).

Similar to tobacco smoke, high levels of particle
number concentration (PNC) and fine particulate
matter (PM, ;) have been observed in e-cig emissions
(Fuoco et al. 2014; Ingebrethsen, Cole, and Alderman
2012; Nguyen et al. 2019; Williams et al. 2013; Zhao
et al. 2016; Zhao et al. 2017). Unlike tobacco ciga-
rettes, which produce smoke by combustion of
tobacco leaves, e-cigs generate aerosols via vaporiza-
tion of the e-liquid, which is made of propylene glycol
(PG), vegetable glycerin (VG), nicotine, water, and fla-
voring compounds (Etter, Zather, and Svensson 2013;
Geiss et al. 2015; Kim and Shin 2013). Previous stud-
ies have investigated the relationship between the
e-liquid composition (i.e., PG/VG ratio and nicotine)
and e-cig particle emissions. A few studies have found
that the total mass of PM in e-cig aerosols is elevated
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Figure 1. A schematic diagram of the aerosol generation and sampling system.

with the increasing volume ratios of PG/VG with
nicotine in the e-liquid (Baassiri et al. 2017; El-Hellani
et al. 2018; Talih et al. 2017). In addition to PG/VG
ratio, several studies have found that adding nicotine
to e-liquids produces more particles (Fuoco et al.
2014; Manigrasso et al. 2015; Scungio, Stabile, and
Buonanno 2018). Conversely, Schober et al. (2014)
reported that higher PNC and PM, s were observed
for nicotine-free e-liquids. Moreover, Zervas et al.
(2018) did not detect a significant difference in PNC
with and without nicotine in the e-liquid. These
inconsistent results in the literature call for a system-
atic study on the effects of e-liquid main compositions
on e-cig aerosols.

E-cig aerosols are highly dynamic since they con-
tain a significant amount of volatile or semi-volatile
materials (Ingebrethsen, Cole, and Alderman 2012; Vo
and Morris 2014). In indoor environments, e-cig par-
ticle concentrations decay rapidly over a short dis-
tance (>1.5m) from the source and largely disappear
within a few seconds (Martuzevicius et al. 2019; Zhao
et al. 2017). This is likely attributable to both indoor
air exchange rate (AER) and particle dynamics which
include particle evaporation, surface deposition,
coagulation, and gravitational settling (Floyd et al.
2018; Goniewicz and Lee 2015; Ingebrethsen, Cole,
and Alderman 2012; Meng et al. 2017; Mikheev et al.
2016; Nguyen et al. 2019; Zhao et al. 2016). These
particle dynamic processes not only change e-cig aero-
sol concentrations but also affect the particle size dis-
tribution which determines the extent and location of
particle deposition in the respiratory tract (Hinds
1999), and thus need to be better understood.

E-cig particles are primarily in the submicron size
range (Fuoco et al. 2014; Ingebrethsen, Cole, and

Alderman 2012), exhibiting considerable differences in
terms of size distribution ranging from a single mode
to a tri-modal distribution reported by different stud-
ies (see Table S1 in the online supplementary infor-
mation [SI]). Previous studies have also reported that
the e-cig particle size distributions varied depending
on e-cig puffing parameters (i.e., puffing flow rate,
particle residence time, and the amounts of puffs) and
environmental factors (i.e., temperature, relative
humidity, and dilution factor) (Feng, Kleinstreuer,
and Rostami 2015; Floyd et al. 2018; Fuoco et al.
2014; Manigrasso et al. 2015; McAuley et al. 2012;
Meng et al. 2017; Mikheev et al. 2016; Mikheev et al.
2018; Nguyen et al. 2019; Schripp et al. 2013; Scungio,
Stabile, and Buonanno 2018; Sosnowski and
Odziomek 2018; Wright et al. 2016; Zervas et al. 2018;
Zhang, Sumner, and Chen 2013; Zhao et al. 2016;
Zhao et al. 2017). However, limited studies have
focused on the effects of e-liquid compositions on e-
cig particle size distribution, which is important for
assessing exposure and related health effects. To fill
these knowledge gaps, this study aims to investigate
how PG/VG ratio and nicotine in the e-liquid affect
the emissions and dynamics of e-cig aerosols under
well-controlled experimental conditions.

2. Materials and methods
2.1. Experimental setup

A 0.46m° stainless steel test chamber equipped with
sampling instruments was used in this study (Figure 1).
A well-mixed condition was achieved with two mixing
fans inside the chamber. With the total air flow rate of
sampling instruments at 0.47 m>/h, the AER was



maintained at a constant level of 1.0h™". This AER was
verified with measurements of CO, concentration decay
inside the chamber. The interior of the chamber was
made of stainless steel to achieve a minimal loss of the
emitted aerosols due to surface adsorption. This cham-
ber has been well characterized through our previous
studies (Fung, Shu, and Zhu 2014; Liu et al. 2014; Shi
et al. 2016). The test chamber was supplied with aerosols
generated by the e-cig device. The chamber exhaust
connected with a high efficiency particulate air (HEPA)
filter was led into the laboratory exhaust system. During
the experimental period, temperature and relative
humidity inside the chamber were maintained at
24.0+0.5°C and 35% + 15%, respectively.

2.2. Aerosol generation

E-cig aerosols were generated by using an e-cig device,
Vapor-fi model Volt Hybrid Tank, which was
equipped with a refillable tank, high capacity batteries,
and adjustable power settings. This type of e-cig
device was selected because it is popular among expe-
rienced e-cig users (Baweja et al. 2016; Yingst et al.
2015). The e-cig device with a heating coil of 0.5 Q
thermal resistance was powered at 18.75W, which is
within the manufacturer’s recommended range.
However, in real world, depending on e-liquid flavors
and e-cig devices, the wattages used by e-cig users
vary greatly and their effects on e-cig aerosols warrant
future study. To better control the e-liquid compos-
ition, homemade e-liquids were used to avoid
unknown compounds in the commercial e-liquids
(Flora et al. 2016). The e-liquids were prepared from
individual chemical compounds of PG (C;HgO,, >
99.5%), VG (CsHgOs;, > 99.5%), and nicotine
(C1oH 4Ny, > 99%) (see Table S2 in the SI for chem-
ical properties). In total, 10 e-liquids were tested at
five different PG/VG volume ratios (i.e., 0/100, 10/90,
30/70, 50/50, and 100/0) with either 0.0% or
2.4% nicotine.

A homemade puffing machine composed of a com-
pressed air source and an Arduino Uno R3 microcon-
troller board (Arduino, Italy), which served as a
programable timer, was used to power the e-cig
device. The inlet air was filtered by a HEPA filter and
was continuously pushed through the e-cig tank at an
airflow rate of 1 L/min. For each e-liquid mixture, the
e-cig device was puffed for 0.5h to achieve a steady-
state condition followed by a 2-h decay. During the
puffing session, the e-cig device was controlled to
repeat a continuous puffing cycle (i.e., 4s/puff, every
30s) to mimic a typical puff topography of e-cig users
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(Behar, Hua, and Talbot 2015; Farsalinos et al. 2013;
Hua, Yip, and Talbot 2013; Robinson et al. 2015). For
a given puft duration and puff flow rate, the corre-
sponding dilution ratio was derived by dividing the
chamber volume by the puff volume (i.e., puff dura-
tion X puff flow rate). The dilution ratio for the cham-
ber was 6900:1.

Di-ethyl-hexyl separate (DEHS) with an extremely
low saturation vapor pressure (1.2 x 10~ °Pa) was used
as the nonvolatile baseline to compare with the e-cig
aerosols. DEHS aerosols were produced by the
Sinclair-La Mer aerosol generator (model 3475, TSI,
Inc., Shoreview, MN). The generator was adjusted to
produce DEHS aerosol resembling e-cig aerosols in
terms of particle concentration and size distribution.
The DEHS aerosol was also monitored for the 2-h
decay period inside the same chamber (see Figure S1
in the SI for details).

2.3. Measurements

For each experimental session, during the 0.5-h
puffing and the 2-h decay, PNC and PM, 5 were con-
tinuously measured inside the chamber using a set of
real-time instruments. A condensation particle counter
(CPC 3786, TSI Inc.) was used to monitor PNC.
PM,5s mass concentrations were measured with
DustTrak Aerosol Monitors (DustTrak 8520, TSI
Inc.). An indoor air quality monitor (Q-Trak 8554
TSI Inc.) was also used to collect temperature and
relative humidity data inside the chamber. All instru-
ments were calibrated prior to the study, and the
DustTrak was zero calibrated before each experiment.
The data logging interval was set to 2min for the
CPC, DustTrak, and Q-Trak. These real-time instru-
ments provided high time-resolution measurements
for PNC and PM,s. A scanning mobility particle sizer
(SMPS 3080, TSI Inc.; 100s up scan, 20s down scan)
and an Aerodynamic Particle Sizer (APS 3321, TSI
Inc.) were used to measure particle size distribution.
The particle size range measured by SMPS and APS
were 7-289nm and 0.5-19.8 pm, respectively. The
real-time measurements were repeated six times for
the DEHS aerosol as well as e-cig aerosols generated
from each of the ten e-liquid mixtures.

To ensure data quality, before each experiment,
PNC and PM, s in the chamber were maintained at a
background level of less than 1000 particles/cm’ and
2ug/m®, respectively. In addition, to examine the
potential effects of off-gassing, the test chamber was
monitored for (1) a 2-h period before puffing session
(i.e., background level), (2) a 26-h post-pufting period
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Figure 2. Decay curves for PNC and PM,s shown in (a) normalized concentration, C;/Ci—,, and (b) log-normalized concentration,
In (Ci/Ci—o). The plotted data were collected with the e-liquid mixture having a PG/VG ratio of 30/70 without nicotine.

after a 30-min puffing session, and (3) a 2-h period
after cleaning the chamber walls and tubings (see
Figure S2 in the SI).

A notable upward PM, s bias of DustTrak when
sampling ambient air has been observed in previous
studies (Jenkins et al. 2004; Zhang and Zhu 2010).
From our previous e-cig study, a calibration factor of
0.27 was obtained through gravimetric calibration of
DustTrak PM2.5 measurements in chamber-puffed e-
cig aerosols. This calibration factor was applied to
correct all PM, s data in this study (Nguyen et al.
2019; Zhao et al. 2017).

2.4. Data analysis

Assuming a well-mixed chamber, Equation (1) can be
used to calculate particle concentrations by consider-
ing factors such as particle levels inside and outside of
the chamber, AER, and particle loss rate (Dockery
and Spengler 1981; He et al. 2004):

dCiy

dt
where C;, and C,, are the particle concentrations
inside and outside the chamber, respectively, P is the
penetration efficiency, o is the AER, k is the particle
loss rate due to evaporation, surface deposition,
coagulation, and gravitational settling, S is the particle
emission rate in number or mass per hour, ¢ is the
time, and V is the volume of the chamber.

After 60 puffs were generated over 0.5h, the par-
ticle concentration approached an equilibrium value
under a steady-state condition with %:O. This equi-
librium value was defined as the initial concentration
Ci—o representing the beginning of the decay. Since
the room air outside of the chamber was filtered by

(o 4 k) Cin (1

S
:P“Cout'l'v_

HEPA filters,
(S) in this study is a function of the initial concentra-
tion before decay started (Ci—y), chamber volume (V),
and total removal rate (o4 k), and was calculated
using Equation (2):

S = Ct:o X V(OC‘l’k)

Cowr= 0. Thus, the e-cig emission rate

(2)

A total of 60 puffs were generated during the 0.5h
emission period, and the puff number normalized
emission factor (S,) in number or mass per puff was
calculated using Equation (3):

[Ci—o X V(a+ k) x 0.5]

S =
4 60

(3)

Previous studies have used a regression of the first-
order decay to determine the particle loss rates (Gong,
Xu, and Zhu 2009; Schripp et al. 2008). The first-
order log-linear regression is described as follows:

In(C,/Crsg) = — (0t + k) x t (4)

where t is the elapsed time, C; and C;—, are particle
concentrations in the chamber measured at times t
and t=0, respectively, during the decay. The particle
loss rate (k), was calculated by fitting a line to the

AER (2) from the total removal rate (o + k). This
method was employed in this study. For both e-cig
and DEHS aerosols, we estimated the particle loss rate
[h™'] based on PNC and PM, s collected during the
decay periods mentioned above.

As an example, Figure 2a presents normalized con-
centration ( -) decay data collected with an e-liquid
mixture made of 30% PG, 70% VG, and 0.0% nico-
tine. The total removal rates (o + k) were determined

by fitting a log-linear regression to normalized con-
centration data shown in Figure 2b. For each e-liquid
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Table 1. The mean (standard deviation) of emission factor (Sp), initial concentrations (C,—o), and the time (tso) taken to achieve
50% of C;,—q for each e-liquid mixture and DEHS aerosols evaluated in the study.

PNC PM,5
Aerosol Type PG/VG Sp (#/puff) Cro (#/cm) tso (min) Sp (1g/puff) Ce_o (ng/md) tso (min)
E-cig with 0.0% Nicotine 0/100 4.04 x 107 (5.96 x 10°) 56346 (6503) 23.9 186 (9) 3570 (410) 116
10/90 2.70 x 107 (1.04 x 10°%) 32159 (8775) 186 102 (22) 1920 (420) 10.0
30/70 2,62 x 107 (430 x 10°) 32693 (4666) 16.6 116 (7) 2180 (440) 1.1
50/50 2.39 x 107 (2.69 x 10°%) 29527 (3277) 16.5 95 (10) 1900 (270) 1.2
100/0 3.25 x 107 (5.65 x 10°) 39314 (8253) 14.8 85 (58) 1630 (1460) 6.2
E-cig with 2.4% Nicotine 0/100 1.92 x 107 (4.99 x 10°) 26343 (5356) 219 83 (15) 1670 (320) 11.0
10/90 2.19 x 107 (3.17 x 10%) 31692 (1504) 21.1 147 (4) 2740 (220) 9.2
30/70 1.81 x 107 (2.10 x 10°) 27626 (2493) 19.4 172 (7) 3250 (190) 10.0
50/50 2.22 x 107 (8.72 x 10%) 30378 (9858) 20.8 88 (23) 1950 (580) 116
100/0 1.80 x 107 (1.69 x 10°) 28615 (2995) 216 57 (9) 1380 (240) 1.7
DEHS NA NA 21864 (6717) 237 NA 1630 (610) 203

mixture, the total removal rate (o + k) was deter-
mined from six repeated measurements. For each e-
liquid mixture evaluated in this study, the six repeated
measurements had high coefficients of determination
(R?) greater than 0.93 for PNC and greater than 0.90
for PM, 5, respectively. Similarly, DEHS data also had
high R? values of 0.98 and 0.99 for PNC and PM, s,
respectively. Table S3 in the SI summarizes the details
of the log-linear regression results.

Both simple and multiple linear regression analyses
were used to study the effect of PG/VG ratio and
nicotine level on the e-cig emission factor, tsy, and
particle loss rate in terms of PNC and PM,s. The
comparison between the e-liquids with and without
nicotine for each PG/VG ratio was performed by
using Student’s t-test. All statistical analyses were con-
ducted using SAS version 9.4. All figures were gener-
ated with Sigmaplot 12.5 (Systat Software Inc., San
Jose, CA). While there is a size range gap between
SMPS and APS output (289 nm- 540 nm), the plotting
software automatically fits the data gap by linear
interpolation. The level of statistical significance was
set as p < 0.05.

3. Results and discussion
3.1. Particle emission

For all tested e-liquid mixtures, the e-cig was a strong
source of particles with the mean (standard deviation)
number and mass emission factors of 2.5x 107
(7 % 10°) particles/puff and 113 (42) pg/puff, respect-
ively (Table 1). The multiple linear regression results
indicated that the addition of 2.4% nicotine in the
e-liquid significantly decreased the particle emission

factor from 3.0 x 107(6.6 x 10°) particles/puff to
2.0 x 107(2.0 x 10°)  particles/puff (p <0.001). The
decreases in particle emission from nicotine-

containing e-liquid were also reported by Zervas et al.
(2018) and Schober et al. (2014). However, no signifi-
cant difference in PM, s emission was detected with
and without nicotine in the e-liquid mixture.

Interestingly, we found that the PG/VG ratio was
negatively associated with the PM,s emission factor
(p < 0.001). However, two previous studies reported the
opposite results in that the total mass of e-cig-emitted
particles increased with greater PG/VG ratios using fil-
ter-based methods (Baassiri et al. 2017; El-Hellani et al.
2018). This discrepancy may be attributable to the dif-
ferent dilution conditions between the current study
with a dilution factor of 6900 and the previous two stud-
ies with a minimal dilution factor of 1.75 (Baassiri et al.
2017; El-Hellani et al. 2018). PG aerosols with higher
saturation vapor pressure (i.e., 20 pa) are more volatile
than VG (i.e., 0.01 pa). Thus, the higher dilution in the
current study is likely resulting in more evaporation
with high levels of PG in the e-liquid compared to the
low-dilution conditions.

3.2. Decay of PNC and PM, s

Using the initial concentration (C,—) shown in Table
1, we normalized PNC and PM,; (%), averaged
over the six repeated measurements, and plotted the
data as a function of time for each e-liquid mixture
during the 2-h decay (Figure 3). For both PNC and
PM, s, the decay was faster for e-cig aerosols than for
the DEHS aerosols inside the chamber. More notice-
able differences between DEHS and e-cig aerosols
were observed for PM,s compared with PNC. For
nicotine-free e-liquid, a faster decay of e-cig particle
concentration was observed at an increasing PG/VG
ratio (Figures 3a and c). For both PNC and PM, s, the
fastest decay was observed when the PG/VG ratio was
100/0. Interestingly, once nicotine was added to the e-
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Figure 3. Averaged normalized concentration (C,/Ci—o) decay curves for PNC (a and b) and PM, s (c and d). The plotted data pro-
vide the means of six repeated measurements without nicotine (0.0%; a and c) and with nicotine (2.4%; b and d) in comparison

to DEHS aerosols.

liquids, the decay curves became closer to each other
without a clear difference (Figures 3b and d).

During the 2-h decay, the tso, which is the time
needed to achieve 50% of the initial PNC and PM, 5 for
each e-liquid mixture, is also presented in Table 1. For
e-cig aerosols, the t5, was within a range of 15-24 min
for PNC and 6-12min for PM, ;. In comparison, for
DEHS aerosols, the tsy was 24 and 20 min for PNC and
PM, s, respectively. There is a significant difference in
tso between e-liquids with and without nicotine for PNC
(p <0.001), where the difference increased noticeably
when PG/VG ratios increased. For PM, 5, however, we
observed a significant difference only when the PG/VG
ratio reached 100/0 (p < 0.01). For the nicotine-free e-
liquid, tsq was found to decrease with increasing PG/VG
ratios (p = 0.005 for PNC; p =0.002 for PM, 5). In con-
trast, the tsq for e-liquid with nicotine showed a slightly
rising pattern with increasing PG (p=0.003 for PNC;
p <0.05 for PM, 5).

3.3. Particle loss rate

To further illustrate the effect of nicotine and PG/VG
ratios on the dynamic of e-cig aerosols, we determined

the particle loss rate under each experimental condition
and compared those to the DEHS aerosol (Figure 4).
Since the evaporation of DEHS aerosols is negligible
relative to that of e-cig aerosols, we used the particle loss
rate of DEHS aerosols as a nonvolatile baseline. The
error bars are one standard deviation, o, of the six
repeated measurements, which show larger variability
in the estimated particle loss rates for PM,s (ie,
0 =0.26-1.76) compared to PNC (i.e., 0 = 0.04-0.24).
Overall, the particle loss rates measured by PM, s
(i.e., 4.4-7.0h™") were substantially greater than those
measured by PNC (ie, 0.6-12h™"). This is likely
because particle mass decreased rapidly by evapor-
ation, but the change of particle number was less
prominent. The multiple linear regression results
showed a significant interaction effect of the nicotine
level and PG/VG ratio on the particle loss rate
(p <0.001 for both PNC and PM, ). For nicotine-free
e-liquid, the particle loss rates significantly increased
with increasing PG/VG ratios (p=0.001 for PNGC;
p <0.05 for PM,5; Figures 4a and b). Once nicotine
was added to the e-liquid, significant decreases in the
particle loss rate were observed as the PG/VG ratio
increased (p=0.004 for PNC; p < 0.001 for PM,s).



AEROSOL SCIENCE AND TECHNOLOGY 7

a. PNCs
1.5 4 — 0.0% Nicotine . =
— [ 2.4% Nicotine *
S B DEHS T I
o T
5 104
[
(72}
o
-
()
© 054
€
[0
o
00 T T T T T
DEHS 0/100 10/90 30/70 50/50 100/0
PG/VG Ratio
16 b. PM,
1 0.0% Nicotine =
— [ 2.4% Nicotine
= 8 mmm DEHS "
(0]
Z 6 rL_ = T
&
o T
o 47
0
g 2
0 - T T T = | T
DEHS 0/100 10/90 30/70 50/50 100/0
PG/VG Ratio

Figure 4. Particle loss rates as measured by (a) PNC and (b) PM, s at different PG/VG ratios with 0.0% and 2.4% nicotine compared
with DEHS. Statistically significant differences are noted with *(p < 0.001, Student’s t-test).

According to Raoult’s law, the evaporation rate of
each component in the e-liquid is subject to the prod-
uct of its saturation vapor pressure and its mole frac-
tion. The PG/VG ratio that determines the saturation
vapor pressure of the e-liquid mixtures likely governs
the volatility of e-cig aerosols. For example, the PG-
based mixture makes e-cig aerosols more volatile (i.e.,
Py,c = ~ 20Pa), whereas the VG-based mixture makes
them much less volatile (i.e., Ps,e = 0.01 Pa). However,
this principle can be only applied to nicotine-free e-
liquids. The addition of nicotine, whose vapor pres-
sure falls between that of PG and VG, may also affect
the overall e-liquid saturation vapor pressure. The
fundamental principle determining the saturation
vapor pressure of the e-liquid mixture, however, is
complicated and is beyond the scope of the current
work. Future research is warranted to systematically
evaluate to what extent the reactions between PG, VG,
and nicotine could affect the change of e-cig par-
ticle volatility.

The change from positive to negative association
between PG/VG ratio and particle loss rate is mainly
driven by the significant differences in the particle

loss rates between e-liquids with and without nicotine
when the percentage of PG is greater than 30% for
PNC and 50% for PM, s, respectively (Figure 4). The
significant effect of nicotine on the particle loss rates
suggests that the presence of nicotine might contrib-
ute to reducing the volatility of e-cig aerosols when
the PG/VG ratio is high enough. The change of vola-
tility in mainstream e-cig aerosols could potentially
affect the particle concentration and deposition pat-
tern after particles are inhaled. In an indoor environ-
ment, the concentration and transport of secondhand
e-cig aerosols might also be affected by nicotine in the
e-liquid.

PG and VG could undergo thermal degradation
when in contact with the heating coil of the e-cig
atomizer to form a significant amount of volatile car-
bonyl compounds, such as formaldehyde, acetalde-
hyde, acrolein and acetone (Geiss, Bianchi, and
Barrero-Moreno 2016; Kosmider et al. 2018;
Ogunwale et al. 2017; Sleiman et al. 2016). PG is
more susceptible to thermal decomposition than VG,
leading to more volatile carbonyls generated from PG-
based e-liquids (Kosmider et al. 2014). With greater



8 L. LI ET AL.

a. 0/100/0 b. 50/50/0
10 10
£ 1 1
g ;
o
O o1 0.1
0.01 0.01
00 05 10 15 20 00 05 1.0
d. 0/100/2.4 e. 50/50/2.4
10 10
T 1. 1
2 ] ]
8
0.1 0.1
0.01 0.01

0.0 0.5 1.0 15 2.0 0.0 0.5 1.0
Elapsed Time (h)

Elapsed Time (h)

c. 100/0/0
10
1.
0.1 -
0.01
1.5 20 0.0 05 1.0 1.5 20
f. 100/0/2.4
10
1.
dN/dLogDp
— e+
0.1 —
m— 1e+3
le+4
0.01 — fet5

15 2.0 0.0 0.5 1.0 1.5 2.0
Elapsed Time (h)

Figure 5. Averaged particle size distributions (dN/dLogDp) for e-liquid mixtures (i.e.,, PG/VG =0/100, 50/50, and 100/0) without nico-
tine (0.0%; a, b, and ¢) and with nicotine (2.4%; d, e, and f). The vertical axes represent particle size on a logarithmic scale, the horizontal
axes represent elapsed time in hours from the start of sampling, and the color scale represents particle number concentration at a
certain time and diameter. Linear interpolation is used to fill the data gap between the SMPS and APS output (289 nm-540 nm).

nicotine content in the e-liquid, however, lower levels
of these carbonyls are generated potentially reducing
the volatility of e-cig aerosols (Kosmider et al. 2018).
On the other hand, under certain temperature and
oxidative conditions and in the presence of metals,
these carbonyls might further degrade to acidic prod-
ucts that can protonate the nitrogen on the pyrroli-
dine ring in nicotine when the e-liquid is aerosolized
(Liang and Pankow 1996; Rossiter et al. 1985).
Compared to VG-based e-liquids, PG-based e-liquids
with lower pH could facilitate the formation of the
protonated nicotine with lower volatility than the
free-base nicotine in the e-cig aerosol (El-Hellani et al.
2015; Son et al. 2018). Consequently, depending on
the chemistry and rate at which these possible acidic
degradation compounds can form in the aerosol, nico-
tine may interact more strongly with these acidic
products causing the particle volatility to decrease
(Jensen, Strongin, and Peyton 2017).

During the vaporization process, $3-nicotyrine can
be formed as a result of catalytic dehydrogenation of
nicotine at 300-500 °C. Thus, another plausible reason
that nicotine contributes to reducing particle loss rate
is the increased interactions between the aromatic
electrons in f{-nicotyrine and polar PG and VG
(Abramovitz et al. 2015). The nicotyrine to nicotine

ratio (NNR) in e-cig aerosols was higher for PG-based
e-liquids than e-liquids containing both PG and VG,
suggesting that as the PG/VG ratio increases, the
NNR may also increase (Abramovitz et al. 2015).
Furthermore, nicotyrine is one order of magnitude
less volatile than nicotine, rendering it more likely
than nicotine to remain in the particle phase
(Abramovitz et al. 2015). Therefore, with nicotine in
the e-liquid, nicotyrine’s increased affinity for the
particle phase in PG-based aerosols may cause the
particles to be less volatile compared to VG-
based aerosols.

With the same amount of nicotine in the e-liquid,
more nicotine was found in the e-cig aerosol with
increasing PG/VG ratios (Baassiri et al. 2017; El-Hellani
et al. 2018; Talih et al. 2017), suggesting even larger
impacts of nicotine on the dynamics of e-cig aerosols
with elevated PG content. In addition, the newly intro-
duced pod-based e-cigs with extremely high nicotine
concentrations of 5.0% or greater might deliver more
particles after inhaled and warrants future studies
(Goniewicz et al. 2019; Huang et al. 2019).

This study used the regression of first-order decay
rate of particle concentration to determine particle loss
rate. Since coagulation may play a role in decreasing
particle number concentrations, we used SMPS data to



estimate the t5y (time required to achieve 50% C;—;)
solely due to coagulation. We found the t5y due to
coagulation was approximately 5-6 h, which was 14-17
times longer than the overall ts, (i.e., ~ 20 min) for all
the e-liquid mixtures summarized in Table 1. Therefore,
coagulation during the decay period was negligible com-
pared to other particle loss mechanisms in this study
(see details in the SI). One limitation of this study was
that the mass of e-liquid consumed per puff was not
measured and should be addressed in future studies to
account for other potential mass loss.

3.4. Particle size distribution

Time-resolved particle size distributions measured for
the three e-liquid mixtures (i.e., PG/VG = 0/100, 50/
50, and 100/0) with and without nicotine are shown
as contour plots in Figure 5. These three PG/VG
ratios were chosen because PG-based and VG-based
e-liquids represent the two extreme conditions, and
significant differences in particle loss rate between
with and without nicotine were observed for both
PNC and PM, 5 at the PG/VG of 50/50 (see Figure 4).

In Figure 5, the x-axis presents the elapsed time at
which data were collected, the y-axis is the particle
size in log scale, and the color intensity indicates nor-
malized PNC (dN/dLogDp) for a given size at a given
time. The same normalized concentration scale was
used for all plots. Overall, most e-cig particles were
within the submicron size range, which was in good
agreement with previous studies (Fuoco et al. 2014;
Ingebrethsen, Cole, and Alderman 2012). Before decay
started, we observed similar tri-modal particle size dis-
tributions across all e-liquid mixtures with a primary
mode at 250 nm and two secondary modes at approxi-
mately 30-80nm and 1pm. During the 2-h decay,
the mode diameter at approximately 1um decreased,
while the mode of nanoparticles (< 100 nm) increased.
This finding is consistent with Mikheev et al.’s results
(Mikheev et al. 2016) which have shown that under a
high dilution condition, evaporation reduces the
diameter of larger e-cig particles and increases the
number of nanoparticles. As a result, the e-cig aerosol
shifted from a tri-modal size distribution to a bi-
modal distribution and even a single-mode
after aging.

For nicotine-free e-liquid, a clear pattern was
observed showing that the e-cig particle concentration
decayed faster with an increasing PG/VG ratio
(Figures 5a-c). In contrast, the decay of e-cig particle
concentration with nicotine showed an opposite trend
(Figures 5d-f). Under the extreme condition of PG-
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based mixtures (PG/VG ratio = 100/0; Figures 5c and
f), the addition of nicotine in the e-liquid slowed
down the decay. Based on these observations, the
interference of nicotine in e-liquid plays an important
role in the physical properties of e-cig aerosols and
warrants further study.

4. Conclusions

This study characterized e-cig mainstream aerosols
generated using e-liquids of different PG/VG ratios
with and without nicotine in terms of particle emis-
sion, particle loss rate, and particle size distribution.
For the 10 tested e-liquid mixtures, the mean emission
factors of PNC and PM,s were 2.5x 107 (7 x 10°)
particles/puff and 113 (42) pg/puff, respectively. The
addition of nicotine in the e-liquid significantly
decreased the particle number emission factor by 33%.
The PM, s emission factor was negatively associated
with PG content in the e-liquid. The multiple linear
regression analysis showed a significant interaction
effect of the nicotine level and PG/VG ratio on the
particle loss rate. For nicotine-free e-liquid, a greater
PG content increased the particle loss rate. On the
other hand, with nicotine in the e-liquid, the greater
PG content decreased the particle loss rates. For both
PNC and PM, s, significant differences in particle loss
rates were observed between e-liquids with and with-
out nicotine when the PG/VG ratios were greater than
30/70. Overall, the particle loss rate measured by
PM, s was about 5-6 times greater than that measured
by PNC. In addition, we observed a tri-modal particle
size distribution with the primary mode around
250nm and two secondary modes at 30-80nm and
~1lpm across all tested e-liquid mixtures. As they
aged in the test chamber, e-cig aerosols shifted to a
bimodal and then a single-mode distribution.
Understanding the dynamics of e-cig aerosols is
important for modeling respiratory deposition and for
estimating exposures in an indoor environment.
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